We have investigated whether progesterone-triggered acrosomal exocytosis involves the activation of a y-aminobutyric acid (GABA) receptor, and whether activation of this receptor is linked to Ca 2 + entry via Ca2+ channels. Mouse spermatozoa preincubated in a modified Tyrode's medium underwent exocytosis when stimulated with progesterone, as revealed by an increase in the number of cells exhibiting an "AR" pattern after staining with chlortetracycline; the effect was concentration dependent.
INTRODUCTION
At the time of fertilization, mammalian spermatozoa undergo exocytosis of the acrosomal granule in response to oocyte-derived agonist(s). This essential exocytotic process results in a release or exposure of enzymes necessary for penetration of the egg vestments and allows the sperm to fuse with the oocyte's plasma membrane after penetration of the zona pellucida [1] . In current thought, the zona pellucida is regarded as the site where acrosomal exocytosis is initiated and the glycoprotein ZP3 as the agonist in the zona pellucida with exocytosis-inducing activity [2] . Nevertheless, an increasing body of evidence indicates that progesterone, which may be trapped in the matrix of the cumulus oophorus surrounding the oocyte, or which may in fact by generated by cumulus cells, is capable of initiating exocytosis of the sperm acrosome [3] . It has therefore been suggested that zona pellucida and progesterone could interact to initiate exocytosis [4, 5] .
It has now been shown that progesterone can initiate exocytosis in a variety of species: human [3, 6] , golden hamster [3, 7] , Chinese hamster [8] , horse [9] , and pig [10] . The effect appears to be specific, because only progesterone and 17a-or 11 -hydroxyprogesterone elicit maximal responses [5, 11, 12] .
Progesterone prompts a rapid increase in intracellular free Ca 2+ [3, 5] that seems to be due entirely to entry from the extracellular space [5, 11, 13] . This progesterone effect is mediated by a membrane receptor [11, [14] [15] [16] located exclusively on the sperm head [15, 16] . In addition, it appears that the sperm surface receptor that mediates progesterone action is different from the intracellular progesterone receptor that mediates the steroid's genomic effects [17, 18] , because an inhibitor of the latter, the compound RU486 [19] , cannot inhibit progesterone-induced Ca 2+ rises in human spermatozoa [11, 12] ; a recent study, however, did find opposite results [20] .
Progesterone stimulation triggers receptor aggregation [21, 22] as well as activation of a protein tyrosine kinase and phosphorylation of a -95-kDa protein [23] . The target for this signal transduction pathway is not known, but it could relate to the phosphoinositidase C-mediated hydrolysis of the polyphosphoinositides seen after stimulation with progesterone [13] . On the other hand, progesterone action does not appear to involve activation of G proteins [24, 25] . Stimulation of spermatozoa with progesterone also leads to activation of phospholipase A 2 and synthesis of alkyl-acetylglycerophosphocholine (= platelet-activating factor) [26] , but mechanisms regulating these processes are also unknown.
It has been suggested that the sperm progesterone receptor located on the cell surface may resemble a y-aminobutyric acid (GABA) receptor type A [27] . However, although the existence of GABAA receptors in spermatozoa has been revealed [27, 28] , no clear evidence has been presented showing that the action of progesterone is in fact mediated by a GABAA receptor. In particular, a clear activation of this putative receptor by GABAA receptor agonists, and an interaction between the latter and steroids as observed in neuronal GABAA receptors [29] , has not been demonstrated [12, 27] .
The present study was therefore undertaken in order to understand whether or not progesterone effects are mediated by a GABAA receptor and whether the activation of this receptor is related to Ca 2+ entry via Ca 2+ channels.
MATERIALS AND METHODS

Materials
All chemicals were of analytical grade and were purchased from Sigma or BDH (both of Poole, Dorset, UK). Water for all aqueous solutions was purified by reverse osmosis and then "polished" by circulation through mixedbed ion-exchange resin and activated charcoal (Labro/ Spectrum system; Elga Ltd., High Wycombe, Bucks, UK). BSA (fraction V), progesterone, y-aminobutyric acid (GABA), muscimol, picrotoxin, verapamil, nifedipine, and chlortetracycline were from Sigma. Bay K 8644 was a generous gift from Dr. F. Seuter, Bayer AG, Wuppertal, Germany; and 1(S),9(R) (-)-bicuculline methiodide was from Research Biochemicals Inc. (Natick, MA). Percoll was obtained from Pharmacia Biosystems Ltd. (Milton Keynes, Bucks, UK).
Media
The standard medium used in this study was a modified Tyrode's solution [30] : 124.54 mM NaCl; 2.68 mM KCI; 0.49 mM MgC1 2 -6H 2 O; 25 mM NaHCO 3 ; 0.36 mM NaH 2 PO 4 2H 2 O; phenol red, 5 ig/ml; and kanamycin sulfate, 50 g/ml, supplemented with 1.8 mM CaCl 2 , 5.56 mM glucose, and BSA, 4 mg/ml, on the day of use; this medium is referred to as mT-B25. This medium was maintained in equilibrium with 5% CO 2 in air; it had a pH of 7.4 at 37°C and a measured osmolality of 295 mOsmol/kg.
Isolation and Preparation of Zona Pellucida
Female mice (22-24 days old) of the TO strain (from Harlan Olac Ltd., Bicester, UK, or B&K Universal Ltd., Hull, UK) were killed with CO 2 and the ovaries removed. Zonae pellucidae were isolated as described previously [31] [32] [33] , with some modifications. Briefly, ovaries were homogenized in ice-cold buffer (HB) [31] with 0.2% (w/v) polyvinylalcohol (PVA), 1% (v/v) Nonidet P-40, 1 mM PMSF, 1% (w/v) sodium deoxycholate, 0.5 mg DNAse (type III), and 0.5 mg hyaluronidase (type IV). The homogenate (-2 ml) was gently loaded on top of a two-step gradient of 1.5 ml 10% Percoll/HB with 0.2% (w/v) PVA and 1.5 ml 20% Percoll/HB-PVA in seal-cap plastic tubes; Percoll solutions were prepared according to Vincent and Nadeau [34] . The tubes were centrifuged at 800 x g for 10 min. The band containing the majority of zonae was located in the interphase between the homogenate and the 10% Percoll/buffer. Zonae were stored in HB buffer with 0.2% (w/v) PVA at -80 0 C. On the day of the experiment they were thawed and the concentration was adjusted to 100 zonae/l; zonae were then solubilized by incubation at 60°C for 1 h. The preparation was centrifuged at 13 000 rpm for 1 min to remove particulate debris, and the supernatant was used for experiments.
Collection and Preparation of Spermatozoa
Male mice of the outbred TO strain, weighing more than 30 g (12-16 wk old), were used. Animals were killed with CO 2 , and spermatozoa from caudae epididymides and vasa deferentia were released into medium mT-B25. Sperm suspensions were placed in plastic culture dishes (35-mm diameter; Falcon, Becton-Dickinson, Plymouth, UK), covered with autoclaved liquid paraffin (Hillcross Pharmaceuticals, Burnley, UK) pre-equilibrated with albumin-free medium. They were incubated for 120 min at 37 0 C under 5% CO 2 in air. The concentration of spermatozoa at this stage was 2.5-5 x 10 7 cells/ml.
Experimental Design
Progesterone was prepared in dimethylsulfoxide (DMSO) at 15 mM, kept at 4 0 C, and used within 1 wk; for use, further dilutions were made in DMSO. Verapamil (5 mM), GABA (100 mM), muscimol (10 mM), and bicuculline (10 mM) solutions were prepared daily in 0.16 M NaCl and further diluted in the same solvent. Nifedipine (10 mM), Bay K 8644 (10 mM), and picrotoxin (30 mM) stocks were made daily; they were dissolved first in ethanol, and substocks were made in 0.16 M NaC1. Final concentrations of ethanol or DMSO were 0.05% or lower and 1%, respectively. These concentrations of ethanol or DMSO did not affect motility or acrosomal integrity.
Spermatozoa capacitated in mT-B25 were diluted with the same medium (final concentration 3-6 x 106 cells/ml; motility -70%). When putative agonists were tested, reagents were added and incubation was continued for another 15 min (unless otherwise stated). If the effects of putative antagonists were being investigated, the test reagent was added, sperm was incubated for 5 or 10 min (see Results for details), and then the agonist was included. Incubation then continued under 5% CO 2 in air at 37 0 C for a further 15 min. After this period of incubation, samples were taken and processed for chlortetracycline staining.
Evaluation of Acrosomal Status by Chlortetracycline (CTC) Staining
Spermatozoa were stained with CTC, essentially as described previously [35, 36] but with some modifications. The stain solution was prepared by dissolving chlortetracyc-line-HCl at a concentration of 250 pIM in TN buffer (20 mM Tris, 130 mM NaCI) with 5 mM cysteine (pH 7.8). The solution was wrapped with foil and kept on ice until use; fresh CTC stock was prepared daily. Before use, aliquots of 20 l 1 CTC solution were placed in Eppendorf tubes, prewarmed to 37°C in a heating block, and kept in the dark. Sperm suspensions (20 tIl) were added, and this was followed immediately by addition of 3.5 Il1 of 12.5% glutaraldehyde in 1.25 M Tris buffer (pH 7.8) and gentle mixing. Fixed samples were kept in a dark box. Slides were prepared 1-4 h after fixation and examined at 1000x magnification under phase-contrast [37] and fluorescence [36] , using for the latter an Hg excitation beam passed through a 405-nm filter and fluorescence emission using a DM 455 dichroic mirror (Nikon BV-2A filter; Tokyo, Japan). A total of 100 spermatozoa were counted to assess the different CTC staining patterns recognized earlier [35, 36] : "F," characteristic of uncapacitated, acrosome-intact spermatozoa; "B," representing capacitated, acrosome-intact spermatozoa; and "AR," corresponding to spermatozoa that have undergone acrosomal exocytosis.
Statistical Analyses
Results are means ± SE. Significance of results was examined by transforming percentages of acrosome reactions [arcsin V(x+ 100)] and analyzing them through use of Student's t-test or two-factor ANOVA or through use of the MannWhitney U test. Values of p < 0.05 were regarded as statistically significant.
RESULTS
Progesterone Stimulates Acrosomal Exocytosis in Mouse Spermatozoa
Incubation of mouse spermatozoa in medium mT-B25 under 5% CO 2 in air for 120 min resulted in a very low number of cells exhibiting the F pattern (-2-5%), a very high proportion of cells showing the B pattern (-80%), and about 15-20% of cells with a spontaneous AR pattern.
Preincubation of spermatozoa in mT-B25 medium for 120 min, and subsequent exposure to various concentrations of progesterone for 15 min, resulted in an increase in the proportion of cells exhibiting the AR pattern (Fig. 1) ; the response was concentration dependent. Maximal stimulation was seen with 15 p.M progesterone; half-maximal stimulation was observed with -2.5 IM progesterone.
The magnitude of the progesterone effect was similar to that seen after stimulation with zona pellucida. Preincubation of mouse spermatozoa in mT-B25 for 120 min and treatment with 1 zona/pl resulted in 48 + 1.4% of cells showing the AR pattern after 15 min. Stimulation with 2.5 zonae/pl resulted in 54 + 2.4% of cells exhibiting the AR pattern after a similar period of time. 
Only Capacitated Spermatozoa Exocytose in Response to Progesterone
If spermatozoa were preincubated for 120 min in mT-B25 medium and then stimulated with 15 M progesterone, maximal occurrence of exocytosis followed (see above). However, if spermatozoa were treated with the same concentration of progesterone after a short preincubation (15 min), a time when about 70% of cells exhibited the uncapacitated F pattern, no increase in the percentage of AR cells was observed (Fig. 1) . These results indicate that only capacitated cells are able to undergo exocytosis when treated with progesterone.
Progesterone Effects Are Mimicked by GABA and Muscimol
It has been argued that progesterone acts via a GABAlike receptor [27] , but clear evidence showing that GABA receptor agonists stimulate sperm exocytosis has not been presented. When mouse spermatozoa were capacitated in mT-B25 for 120 min and then exposed to different concentrations of GABA, exocytosis followed ( Fig. 2A) . A concentration of 0.5 p.M GABA resulted in maximal stimulation, with higher concentrations of GABA resulting in lesser stimulation (1 F.M) or no stimulation at all ( 5 M). Concentrations of up to 500 F.M GABA were tested, but no stimulation of exocytosis was found with these higher concen- 
Effect of progesterone on the y-aminobutyric acid (GABA)-and muscimol-stimulated exocytosis of the mouse sperm acrosome. Spermatozoa were incubated at 37°C in mT-B25 medium under 5% CO 2 in air for 120 min and were then exposed to 2.5 AM progesterone (P), 0.5 .M GABA, or 2.5 iM muscimol or to combinations of these agonists during 15 min. At the end of the incubations, samples were processed for CTC staining. Results are averages + SE of three experiments. a = Different from control, p < 0.001; b = different from P or GABA, p < 0.001; c = different from P or muscimol, p < 0.001; d = different from GABA or muscimol, p < 0.001.
The effect of muscimol, a GABA agonist, was also examined. As seen in Figure 2B , muscimol stimulation showed a pattern similar to that seen with GABA. A concentration of 2.5 F±M muscimol triggered maximal exocytosis in capacitated mouse spermatozoa, but higher concentrations resulted in lesser stimulation.
Steroids and GABA act on different loci of the GABA receptor in neuronal cells, and the former can potentiate the effect of the latter [29] . In order to examine whether or not progesterone enhanced the effects of GABA or muscimol in spermatozoa, capacitated sperm cells were exposed to half-maximal concentrations of progesterone and one of the other agonists. Simultaneous exposure to progesterone and either GABA or muscimol resulted in clear additive effects on exocytosis, as revealed by the number of cells exhibiting the AR pattern (Fig. 3) . These results suggest that the progesterone effect is likely to be mediated by a GABA-like receptor. Interestingly, when GABA and muscimol were used together, at concentrations that resulted in maximal stimulation when used separately, a further stimulation of exocytosis was noted. The reasons for this effect are not clear and should be clarified in future studies. 
Effects of GABAA Antagonists
To further characterize the GABA-like progesterone receptor in spermatozoa, we examined the effect of bicucul- line, a GABAA receptor antagonist. We predicted that if progesterone and GABA effects are mediated via a GABAA receptor, then bicuculline should inhibit their actions. Results presented in Figure 4 indicated that bicuculline blocked the ability of progesterone or GABA to stimulate exocytosis in mouse spermatozoa. On the other hand, stimulation of exocytosis by zona pellucida was not affected by inclusion of bicuculline (data not shown).
We also examined the effect of picrotoxin, another GABA receptor antagonist, on the progesterone-or GABA-stimulated exocytosis. Surprisingly, whereas picrotoxin blocked the capacity of GABA to induce exocytosis, it did not affect progesterone action (Fig. 5) .
The Effect of Progesterone Is Linked to Ca2
+ Channels
Progesterone stimulation of human spermatozoa results in Ca 2+ influx from the extracellular compartment 15,11,13], but it is not clear which mechanism mediates Ca 2+ entry.
To test whether Ca 2+ channels are involved in progesterone-stimulated exocytosis, we examined whether preexposure to verapamil or nifedipine, two well-known Ca 2+ channel blockers, affected the progesterone response in capacitated spermatozoa. As can be seen in Figure 6 , increasing concentrations of either verapamil or nifedipine reduced the number of capacitated cells undergoing exocytosis after progesterone challenge.
To examine further the possible involvement of Ca2+ channels, we tested the effect of the Ca 2+ channel agonist Bay K 8644 on capacitated spermatozoa. Figure 7 shows that this agonist stimulated the occurrence of exocytosis in a concentration-dependent manner; maximal stimulation was seen with 0.1 RIM Bay K 8644. Higher concentrations (1 pM) of Bay K 8644 resulted in lesser increases in the proportion of cells exhibiting the AR pattern. The effects of progesterone and Bay K 8644 were additive, as revealed when spermatozoa were exposed to half-maximal concentrations of progesterone (2.5 bM) and Bay K 8644 (0.001 RM; Fig. 7 ).
GABA and Muscimol Effects Are Also Linked to Ca
2+ Channels
The experiments described above showed that progesterone-stimulated exocytosis is inhibited by Ca 2+ channels blockers such as verapamil or nifedipine. In order to examine whether GABA and muscimol were similarly affected by these inhibitors, capacitated mouse spermatozoa were preexposed to verapamil or nifedipine and then treated with either GABA or muscimol. It was found that inclusion of verapamil or nifedipine inhibited the occurrence of exocytosis when cells were subsequently stimulated with either GABA or muscimol (Fig. 8) .
DISCUSSION
The results of this study demonstrate that progesterone stimulates acrosomal exocytosis in capacitated mouse sper-matozoa and strongly suggest that progesterone action is mediated by a GABAA-like surface receptor. In addition, our results indicate that progesterone action on the GABAA-like receptor is linked to Ca 2 + entry via Ca 2 + channels. Mouse spermatozoa capacitated in a modified Tyrode's medium [30] underwent exocytosis in response to progesterone treatment; this indicates that mouse spermatozoa share with other species [3, [6] [7] [8] [9] [10] ] the ability to undergo acrosomal exocytosis in response to this agonist.
In human spermatozoa, progesterone can stimulate a rise in intracellular Ca 2+ , regardless of whether sperm cells have been preincubated and, presumably, have become capacitated [11, 13] . On the other hand, it appears that human spermatozoa preincubated for 2 h (presumed to be capacitated) are able to undergo exocytosis in response to progesterone challenge [12, 26] . We have attempted to clarify this issue and have found conclusive evidence demonstrating that only capacitated spermatozoa (as revealed by CTC staining patterns) can exocytose in response to progesterone.
Maximal stimulation of exocytosis was observed with 15 ILM progesterone (when a preincubation period of 120 min was employed); the proportion of cells undergoing acrosomal exocytosis after challenge with this concentration of progesterone was not different from that seen when spermatozoa were treated with 1 zona/Il. The concentration of progesterone at the site of fertilization is thought to be about 3-7 IiM (1-2 Rig/ml) [6] , and therefore it could be argued that the progesterone concentration that resulted in maximal stimulation may be unphysiological. However, the half-maximal concentration of progesterone (2.5 jIM) was within the presumed physiological range. In addition, it is worth noting that acrosomal exocytosis that is triggered by a high progesterone concentration (1 mM) is not accompanied by deleterious effects on cell viability [38] . Furthermore, recent work has suggested that during transit through the cumulus oophorus, the concentration of progesterone at the sperm surface could actually be higher than previously thought [39] . In any case, our findings do not necessarily mean that, in vivo, mouse acrosomal exocytosis is brought about entirely in response to progesterone. They do imply, however, that exposure of mouse sperm to nanomolar or low-micromolar progesterone during transit through the cumulus oophorus may prompt early events in the sequence underlying exocytosis.
It has been suggested that the surface receptor [11, [14] [15] [16] mediating progesterone action in spermatozoa may be a GABAA receptor [27] . Results gathered in the present study provide strong evidence to suggest that activation of a sperm GABAA receptor results in acrosomal exocytosis: stimulation of capacitated mouse spermatozoa with GABA or muscimol, two GABAA receptor agonists [40] , triggered exocytosis. Interestingly, both agonists exhibited a maximal level of stimulation (0.5 M GABA and 2.5 p.M muscimol), with higher concentrations producing lesser stimulation or no stimu- lation at all. The fact that high concentrations of GABA resulted in no stimulation of exocytosis could explain why previous studies failed to elicit any significant sperm responses: concentrations of 10-500 RIM GABA would not trigger intracellular Ca 2+ rises [12] or exocytosis [27] in human spermatozoa.
Our results also suggest that progesterone is acting via this GABAA receptor. The initiation of exocytosis elicited by GABA or muscimol was potentiated by half-maximal concentrations of progesterone, in agreement with the steroidrelated GABAA receptor modulation in neuronal cells [29, 41] . Further evidence in favor of the idea that progesterone could act via a GABAA receptor stems from the finding that bicuculline, a GABAA receptor antagonist [40, 42] , blocked the ability of progesterone to stimulate exocytosis (cf. [27] ) and, likewise, blocked GABA-simulated exocytosis.
Although several observations strongly indicate that the progesterone effect may be mediated by a GABAA receptor, evidence gathered in this and previous studies also suggests that this GABAA receptor may be somewhat different from that present in neuronal cells. In addition, it is also possible that not all progesterone effects are mediated by a GABAA receptor [29, 43] . We found that the GABAA receptor antagonist picrotoxin [42] did not inhibit progesteronestimulated exocytosis in mouse spermatozoa, although it did inhibit exocytosis stimulated by GABA. The lack of effect on progesterone-stimulated exocytosis would agree with the observation that in human spermatozoa, picrotoxin did not inhibit the progesterone-triggered increase in intracellular calcium [12, 43] . It has been found, however, that picrotoxin did inhibit exocytosis stimulated by progesterone in human spermatozoa [27, 43] . The reasons for these discrepancies are unknown.
There is good additional evidence suggesting that the sperm GABAA receptor differs from the neuronal one. For instance, it has been found that although 3oa-OH progestins (5-pregnane-3ot-ol-20-one and 5-pregnane-3o-ol-20-one) will stimulate acrosomal exocytosis in human spermatozoa, their potency on spermatozoa is considerably lower than that seen on the neuronal GABAA receptor [27] . In addition, these 3a-OH progestins are able to stimulate a limited rise in intracellular Ca2+ but again, with considerably less potency than that exhibited on the neuronal GABAA receptor [12] . A further difference relates to the fact that the neuronal GABAA receptor is maximally activated by a progesterone metabolite, namely 3a-hydroxy-5oa-pregnane-20-one [29, 44] , whereas maximal sperm activation takes place with progesterone itself [5, 12] . Therefore, the suggestion has been made that progesterone acts via a novel steroid receptor that is similar, but not identical, to the neuronal GABAA receptor [27] . It is possible that tissue-specific differences in subunit composition of the GABAA receptor may be important in determining the modulation by steroids [45] [46] [47] [48] . A final distinction could be drawn in relation to the type of effect caused by the activation of these GABA receptors. Thus, whereas activation of neuronal GABAA receptor leads to a reduction in neuronal excitability and hence mediates an inhibitory action, activation of the sperm GABAA receptor results in stimulation of a cellular response, i.e., exocytosis of the acrosomal granule.
It seems clear now that the action of progesterone on spermatozoa results in entry of Ca 2+ from the extracellular space. The rise in intracellular Ca 2+ prompted by progesterone in human spermatozoa does not occur if extracellular Ca 2+ is chelated with EGTA or if entry is prevented by inclusion of La 3* [11] . Likewise, progesterone is not able to stimulate acrosomal exocytosis in hamster spermatozoa if EGTA or La 3+ is present [7] . However, the mechanism underlying Ca 2+ entry is not clearly understood. It has been speculated that the intracellular Ca 2+ rise could take place as a result of the interaction between progesterone and a Ca2+-ATPase [3] or that the sperm progesterone receptor could be coupled to a Ca2+ channel [5] ; the fact that La 3+ blocks the progesterone-induced rise in intracellular Ca 2 + lends support to the latter idea. Our results indicate that progesterone-, GABA-, and muscimol-triggered activation of a GABAA receptor is indeed related to entry of Ca 2 + via Ca 2+ channels, because verapamil and nifedipine blocked the acrosomal exocytosis stimulated by these agonists. Evidence gathered by other authors on the effects of verapamil is rather contradictory. Whereas in some studies it was found that verapamil was able to inhibit completely the transient rise in intracellular Ca2+ triggered by progesterone in human spermatozoa [49] , in others it was found that verapamil exerted little inhibitory action [25] . Likewise, stimulation of Ca" + influx into human spermatozoa triggered by human follicular fluid (whose activity relates to its progesterone content [6, 50] ) was somewhat inhibited by verapamil [5] or was unaffected by this Ca 2+ channel antagonist [13] . Despite these contradictory observations, our study showed that not only verapamil, but also nifedipine, clearly inhibited the exocytosis triggered by GABA-related agonists, that the Ca 2+-channel agonist Bay K 8644 was able to stimulate acrosomal exocytosis, and that progesterone and Bay K 8644 showed additive effects. Therefore, these results strongly suggest the existence of a link between the activation of a GABAA receptor and a Ca 2+ channel. The mechanism underlying this interaction deserves further investigation.
